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Abstract 
X-ray diffraction technique was used to investigate the 
structure of the well-known piezoelectric material Pb(Zr._ Ti 
X —X X J 
(abbreviated as PZT) where x 0.5 at high temperatures ranging 
from room temperature to 500°C. These data are believed to be 
useful in helping us to find a substrate suitable for epitaxial 
growth of PZT thin films with desired orientation. The selection 
criterion is based on the concept of crystal lattice matching at 
the growth temperature. The Curie temperature of the samples used 
was determined by monitoring the transition of tetragonal 
structure to cubic structure using the X-ray diffraction 
techniques and found to be 250°C, about 100°C lower than the 
published value. This discrepancy was confirmed in other 
experiments that monitored the piezoelectric property, 
polarization, heat capacity and thermal expansion. The discrepancy 
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Piezoceramic material Pb(Ti Zr, )0- (abbreviated as PZT) was 
X 1 - x 3 
intensively investigated in the past 20 years. It is now adopted 
in many devices making use of its novel piezoelectric properties, 
ferroelectric properties and relatively high value of 
[1] 
dielectric constant. The instrument transducers are typical 
examples. Recently, much interest was placed on the applications 
of PZT thin films in communications, radar, infrared imaging and 
computer memories. In particular, early focus of the research on 
the use of thick ceramic devices in computer memories has been 
replaced by the investigation in the synthesis of PZT thin film 
for faster operating speed and lower access voltage. Successful 
synthesis of PZT thin film device which has fast response time 
(100 ns) and low operating voltage (3-4V) power supply has been 
reported . 
PZT with a composition x ^ 0.5 is most important in 
applications. It has many important properties. The dielectric 
[3] 
constant, the planar coupling constant , the electrochemical 
丨41 
coupling factor and piezoelectric coefficient attain their 
maximum values at around x ^^  0.5 composition. Therefore, thin 
films with this composition are expected to have the largest 
piezoelectric constant and dielectric constant and can also be 
tailored to suit various applications. 
3-1 
Depending on the deposition process, the PZT films may have 
different phases. In Fig. 1.1, we reproduce the phase diagram of 
PZT bulk m a t e r i a l [6] From the phase diagram, we can see that 
PZT (X 以 0.5) at room temperature has a tetragonal perovskite 
phase with ferroelectric property. As the temperature goes up, it 
will undergo a phase transition to become a cubic phase with a 
paraelectric property. 
The most common ways to determine the phase transition point 
(the Curie temperature) are to measure the thermal expansion, 
dielectric constant, hysteresis loops and lattice constants as a 
function of temperature. The Curie temperatures reported for PZT 
bulk material with x = 0.5 vary from 410。C to 350。C ⑴ [ 8 ] [9] [10] 
as listed in Table 1.1. 
Table 1.1 
Curie temperature of PZT with x = 0.5 
Cuire Temperature Method Used Reference 
350®C Delectric Constant 7 
380** C ****************** g 
410®C Delectric Constant 9 
410®C Thermal Expansion 10 
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Pc Paraelectric cubic phase 
Ft Ferroelectric tetragonal phase 
F.r(h乃 Ferroelectric rhombohedral phase (high temperature) 
Fr(lt) Ferroelectric rhombohedral phase (low temperature) 
Ar Antiferroelectric rhombohedral phase 
• Aq Antiferroelectric orthorhombic phase 
Fig. 1.1 PZT sub-solids phase diagram. 





Only the perovskite phase has the desired properties for 
applications. Moreover, attempts to grow perovskite PZT films have 
[11] [12] 
been reported . Fig. 1.2 shows the result of Otsubo et al. 
who produced PZT thin films by the pulsed laser deposition 
technique. Actually, the correct perovskite phase, shown in 
Fig. 1.3, could be obtained only at high substrate temperatures. 
Table 1.2 lists the required substrate temperatures determined by 
. ^^ [13][14][15] 
various authors . 
Table 1.2 
Substrate Temperature Substrate Used Reference 
> 500®C Ni-alloy 13 
> 700°C - 750®C Sapphire 14 
> 500°C - 520°C MgO 15 
Even a correct perovskite phase can be achieved, the film 
should have a well-defined orientation (or texture). The reason 
for fabricating PZT films with a desired orientation is that the 
elastic, dielectric and piezoelectric constants differ along 
different crystal axes. In most applications, it is necessary to 
have samples with their polar axis (the c axis) perpendicular to 
the substrate surface. 
In order to obtain the desired orientation, the growth of 
thin film has to be done at high substrate temperature and a 
substrate surface whose lattice can match PZT must be used, since 
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Fig. 1.2 XRD spectra for PZT target (a) and PZT films at different 
substrate temperatures (b)-(f) by Otsubo et al. (reference [12]) 
Symbols of open and closed triangles indicate the peaks 
for perovskite and pyrochlore phase of PZT, respectively. 
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.Circle symbols indicate the sapphire substrate's peaks. 
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Fig. 1.3 Perovskite structure of PZT (x « 0.5). 
» 
‘ • 
the growth is done at high temperatures, the lattice parameters of 
PZT at the growth temperature [1引 should be obtained so that the 
lattice matching can be considered. 
The lattice constants of PZT were published in the 
literatures. Table 1.3 and 1.4 summaries some published results 
for X 0. 5. However, only a few works were focused on the lattice 
[21] 
constants at high temperatures . Moreover, it is important to 
note the structure and the Curie temperature also depend 
sensitively on the additives used in the material processing for 
property i m p r o v e m e n t . 
The objective of this project is to investigate the structure 
of PZT slabs (X = 0.5) at different temperatures. These slabs were 
used for thin film growth in our laboratory. The information could 
help us to choose an appropriate substrate surface and substrate 
temperature for epitaxial growth of PZT thin films. 
Table 1.3 
c/a of tetragonal structure of PZT (x=0.5) at room temperature 







Lattice constants of tetragonal structure of PZT (x = 0.5) at 
room temperature 
a (A) c (A) Ref. 
4.014 4. 119 23 
4.036 4.146 24 





General Description of the Experiments 
The lattice constants of PZT samples as a function of 
temperature were measured by means of a diffractometer equipped 
with a high temperature sample holder. The Curie temperature (i.e. 
the tetragonal-to-cubic transition temperature) could be obtained 
from these measurements. We also used the following experimental 
techniques to obtain the Curie temperature. (1) The well-known 
Sawyer-Tower bridge was used to investigate the D-E hysteresis 
loop. (2) The rmome chan i ca1 analysis system (IMS) was used to 
obtain the thermal expansion properties of the samples. (3) 
« 
Differential scanning calorimeter (DSC) was used to monitor the 
change of specific heat capacity. (4) A novel laser experiment 
developed by Fei Yang of our laboratory was used to investigate 
the piezoelectric properties of the samples. Comparison of the 
results will be made in Chapter 5. 
Section 2.2 
High-Temperature X-ray Diffraction Technique 
2.2.1 Diffractometer 
A 4-circle diffractometer (Huber 511.1 and 424) with a 0-29 
goniometer and Eulerian cradle was used. Each circle had a step 
size of 0.001°. Cu Ka X-ray was produced by a copper X-ray tube 
(Philips PW2233/20) operated at 40kV and 20mA (Philips generator 
2-1 
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Fig. 2.2.1 Schematic diagram of the 4 circle diffractometer. 
I 
PW1830/25) and selected by a flat graphite crystal monochromator. 
The diffracted beam passed through 1 mm (horizontal) x 2 mm 
(vertical) receiving slits and detected by a Nal(Tl) scintillation 
counter (Canberra model 1702). The schematic diagram of the 
diffractometer is shown in Fig. 2.2.1. 
2.2.2 Heating Stage and Chamber 
A vacuum chamber was mounted on the X-ray diffractometer with 
a Pt heater in it. An alumina strip was clamped on the Pt foil. 
The sample was mounted on the alumina strip with silver paste. The 
heater was mounted on the goniometer by means of two ceramic rods 
to insulate the heater. The heater current 12A) was supplied by 
a step-down transformer (220V input/ 8V output) and a power 
regulator. The power was controlled by a temperature controller. 
Two thermocouples were placed and stuck on the surface of the 
sample with silver paste to monitor the temperature of the sample. 
Nickel and aluminium foils were used in the chamber for 
thermal radiation shielding to reduce the temperature of the 
chamber wall. A helical copper tube with water passing through it 
was inserted into the chamber for better thermal shielding. Two 
openings were cut on the lateral surface of the chamber and sealed 
with aluminium-coated polyester foils (supplied by Goodfellow). 
Its thickness was 0.05mm which was thin enough to allow X-rays to 
pass through without significant absorption loss. The schematic 
diagram of the vacuum chamber is shown in Fig. 2.2.2. 
The chamber was evacuated by a diffusion pump (Edwards, 
Model E02) protected with a liquid nitrogen cold trap and backed 
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Fig. 2.2.2.A Top-view of the chamber for sample heating. 
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Fig. 2.2.2.B Top-view of the chamber for sample heating. 
I 
by a rotary pump to maintain a pressure of about 1 X lO"^ Torr 
during the experiment. 
The G-2e scans were made for various temperatures. The 
diffraction peaks were analyzed with a peak-fitting software 
(Peakfit, Jandel Scientific, AISN Software, Version 2.01, 1990). 
The lattice constants were calculated with a software of 




The sample was cut to have a 2mm thickness and connected to 
the circuit shown in Fig. 2.3. The potential difference across the 
integrating capacitor indicated the polarization on the sample. 
The relation of polarization vs the applied electric field was 
shown on an oscilloscope and known as the hysteresis loop. The 
sample was placed on a heater to control the temperature. By 
monitoring the change of the hysteresis loop, the ferroelectric 
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Fig. 2.3 Circuit of Sawyer-Tower bridge. 
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Section 2.4 
Thermomechanica1 Analysis System (TMS) & 
Differential Scanning Calorimeter (DSC) 
A thermomechanical analysis system (Perkin-Elmer, Model 
TMS-2) was used to investigate the variation of the dimension 
(only one dimension) as a function of temperature. The maximum 
sample temperature of the system was 325°C. A schematic diagram of 
the TMS is shown in Fig. 2.4.A. The data, including the 
instantaneous elongation and the corresponding temperature were 
plotted on a graph paper for further analysis. 
A differential scanning calorimeter (Perkin-Elmer, Model 
DSC-2) with temperature programming system was used to obtain the 
relationship between the heat flow and the temperature of the 
sample. The DSC was a power-compensated system with operating 
temperature ranging from 50°C to 725°C. The change in heat flow of 
the sample indicated the point of phase transition and hence the 
Curie temperature. The control mechanism of the equipment is 
shown in Fig. 2.4.B. Again the data, power input difference 
between the sample and the reference and the corresponding sample 
temperature were plotted on a graph paper. 
Section 2.5 
Laser Experiment 
A Q-switched Nd:YAG laser (Qanta-Ray) with pulse duration of 
about 10 ns and adjustable wavelength (1064nm, 532nm and 266nm) 
was used. A PZT sample mounted in a vacuum chamber was ablated by 
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Fig. 2.4.A Schematic of thermomechanical analysis system. 
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Fig. 2.4.B Block diagram of differential scanning calorimeter. 
The heating or cooling rate as well as the temperature limit are 
controlled by a digital programmer and the power difference needed 
to maintain the sample holder and the reference holder at the 
same temperature is recorded and hence the heat capacity of the 
sample can be obtained during the heating or cooling prrocess. ‘ » 
the laser. The laser was incident along the poling direction of 
the PZT target. During the ablation, the ejected materials would 
produce a recoil force (resulting in a vibration in wave form) on 
the PZT target and a piezoelectric signal was observed and 
recorded by a programmable digitizer. The experimental set-up is 
shown in Fig. 2.5. The signal depends on the piezoelectric 
property of the sample and thus could be used to find the Curie 
temperature of the sample. 
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X-ray Diffraction Experiment 
Section 3.1 
Investigation of PZT Film on (100) MgO 
Single Crystal Substrate 
3.1.1 Sample Description 
An epitaxial PZT film (Sample No.920520-1), with a 
composition of (by atomic percentage) 
Pb ： Zr : Ti « 1 ： 0.5 :0.5 
was fabricated on a (100) MgO substrate by pulsed laser deposition 
technique[26]. 
3.1.2 Experimental Details 
The sample (with an area of 1cm x 1cm) was mounted on the 
heating stage of the diffractometer. By adjusting the </> and ；^： 
angles, the normal of (200) planes of the MgO crystal was set to 
lie on the diffraction plane. Then a 9-29 scan was performed. The 
e-2e scan of the film before heating is shown in Fig. 3.1. The 
small peak which is just beside the MgO(200) peak is the (002) 
peak of the film which has a tetragonal perovskite structure. 
Moreover丨 another small peak at about 20。 is the (001) perovskite 
peak of the PZT film. The lattice constant c of the film at room 
temperature was found to be 4.0885A. 
The film was then heated to 550®C in air with the f U m 
temperature monitored by the thermocouple mounted on the surface 
3-1 
of the film. The 9-29 scans like Fig. 3.1.1 for different 
temperatures were obtained with the same • and x- The 
corresponding lattice constant c vs temperature is plotted in 
Fig. 3.1.2. 
The film was then cooled to room temperature in air by 
cutting off the power of the heater. At room temperature, the 
vacuum chamber was evacuated to a pressure ^ 5 X Torr. After 
realignment of x and a 6-29 scan was performed again and the 
corresponding lattice constant c was found to. be 4.0818A which is 
not much different from the one obtained above. The sample was 
then heated to 610°C under this low pressure. Again, the 9-29 
scans were performed and the lattice constants at different 
temperatures were obtained and plotted in Fig. 3.1.3. 
3.1.2 Results 
The lattice constant c of the PZT film in both cases showed 
similar behaviour. The value of c decreased first and attained a 
minimum at about 200°C. It remained roughly the same between 200°C 
and 300°C and then increased monotonically. 
The change of the lattice constant of the MgO was also 
plotted in Fig. 3.1.4. The thermal expansivity obtained was 
15.0 X 10-6 j^ -i which is slightly larger than the published value 
- 6 -1 [ 2*7 ] 
： 1 3 . 6 X 10 K • These results were used to check the 
accuracy of our temperature measurements (to be discussed in 
detail in Chapter 6). It indicates that the substrate temperature 
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Section 3.2 
Investigation of PZT Bulk Material 
3.2.1 Sample Description 
Three PZT slabs were used. They were labeled as slab I, slab 
II and slab III respectively. These materials had all been poled. 
Their compositions determined by energy dispersive X-ray 
spectroscopy (EDX) were listed in the following tables. 
Table 3.1 
Compostion of PZT samples investigated by EDX 
Sample Pb Zr Ti 
(atomic %) (atomic %) (atomic %) 
Slab I 52.5 22.0 21.5 
Slab II 54.1 22.5 21.2 




Impurities in PZT samples 
Sample Fe Ni Sb 
(atomic %) (atomic 7.) (atomic %) 
Slab I 1.1 1.7 1.1 
Slab II 1.3 0.9 *********** 
Slab III 来来来来来来来来来来来来 来来来来来来来来来来来来 来来来来来来来来来来来 
Since these were all poly-crystalline materials, no sample 
alignment with the diffractometer was necessary for the 9-29 
scans. There were all mounted on the heating stage as described 
before and investigated in vacuum except in one experiment which 
was done in 1 atm air. The samples were small pieces with 1mm 
thickness in order to maintain the temperature homogeneity of the 
sample surface. 
3.2.2 Experimental Details 
The samples were heated to at most 500°C and the 9-29 scans 
were performed at different temperatures. The x and <t> angles 
remained the same through out the experiment. In some experiments, 
the thermocouples were forced to touch the sample mechanically and 
in other experiments, the thermocouples were stuck on the sample 
surface by silver paste. In addition, the thermocouples were 
placed as close as possible to the diffracted spot area without 
affecting the incident and diffracted X-ray beams. 
3-4 
The vacuum of the chamber was maintained by the diffusion 
pump system. However, every time we increased the sample 
temperature, the chamber pressure would increase slightly. We 
waited until the pressure dropped to the original value and then 
made a G-29 scan. For each sample, 15-20 hours were needed to 
complete the diffraction experiment; half an hour was required for 
a 6-29 scan of one twin peak. Typically, the step of each scan was 
0.05° and the counting time for each step was 30 seconds. 
There were two types of 9-26 scans. We first scanned through 
a wide 26 range from 15° to 70° in order to find all the 
diffraction peaks. For these runs, the data were taken with short 
exposure time (5-10 seconds) and larger angular step (0.2°). We 
then studied each diffraction peak with larger counting time and 
smaller steps. The peak intensity from a bulk material was much (3 
to 4 orders of magnitude) lower than the peak of the PZT film on 
MgO. There were three twin peaks of interest : (200/002), 
(210/102) and (211/112). The lattice constants of each sample at 
different temperatures were mainly calculated from the results of 
the slow scans of these twin peaks. 
3.2.3 Results 
A. Sample 92101101 
The sample was cut from slab I. It was directly mounted on 
the heating stage with the poling direction parallel to the 
surface of the sample plate (i.e. perpendicular to the diffraction 
vector). The result of the fast 9-29 scan at room temperature in 
air was plotted in Fig. 3.2.A. 1. The peaks were all identified by 
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Fig. 3.2.A. 1 X-ray intensity vs 2-theta for sample 92101101 cut 
from PZT slab I. 
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SCANIX as the tetragonal perovskite structure with lattice 
constants a = 4.037人 and c = 4.119A. Due to the close values of 
the lattice constants a and c, only three twin, peaks (200/002), 
(210/102) and (211/112) were observed. In this experiment, the 
thermocouples were only forced to touch the sample surface 
mechanically. 
The pressure of the chamber was 3 X Torr. At different 
high temperatures, the 9-20 scans of these three twin peaks were 
obtained. The three twin peaks were observed to become three 
single peaks as the temperature increased. The sample then had a 
cubic structure. Three graphs in Fig. 3.2.A.2, Fig. 3.2.A.3 and 
Fig. 3.2.A.4 show the change of the peaks obtained before and 
after the transition. The estimated transition temperature was 
250°C. The relationship bietween the lattice constants and the 
temperature obtained by analysing the data with SCANIX was 
plotted in Fig. 3.2.A.5. 
To further confirm the transition temperature, we plotted in 
Fig. 3.2. A. 6 the full width at half maximum (FWHM) of the peaks 
obtained from Peakfit as a function of temperature. The widths of 
different twin peaks show almost the same behaviour. They all 
decreased initially and became level off at about 250°C. 
The sample was then allowed to be cooled to room temperature 
by cutting off the heater power in vacuum and a 6-29 scan was done 
again and the result is shown in Fig. 3.2.A.7. The twin peaks were 
again observed indicating the recovery of the tetragonal 
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structure. The peak intensities were changed because the thermal 
treatment varied the orientation of the grains. 
B. Sample 92110601 
The sample was also cut from the slab I. However, this time 
it was undergone two experiments. One was done in 1 atm air and 
the other was in vacuum. The poling direction of the samples was 
also parallel the surface of the sample plate. 
The sample was first mounted on the heating stage and the 
thermocouples were again forced to touch the sample mechanically. 
The room temperature 6-29 scan was plotted in Fig. 3.2. B. 1 from 
which the lattice constants were determined to be a = 4.0382A and 
c = 4.1205A. The relationship between the lattice constants and 
the temperature was plotted in Fig. 3.2.B.2. The existence of twin 
peaks in the whole measurement temperature range indicates the 
existence of the tetragonal structure. 
Then the sample was cooled to room temperature by cutting off 
the heater power. After realignment, the 0-29 scan at room 
temperature in 1 atm air was obtained and plotted in Fig. 3.2.B.3. 
The thermocouples for this run were all stuck to the surface by 
silver paste to ensure better thermal contact. 
The pressure of the chamber was then lowered to 1 X 10 ^ 
Torr. Smaller temperature increment around 250°C was selected in 
order to determine the transition point. The relationship between 
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I 
Fig. 3.2.B.4. The FWHM of the peaks were plotted against 
temperature in Fig. 3.2.B.5. It confirms that the transition point 
was around 260°C. The behaviour of FWHM of the twin peaks was 
almost the same. They decreased initially and then leveled off. 
Then the sample was cooled to room temperature under low 
pressure and a 9-29 scan from 26 = 20° to 70° was again obtained 
and plotted in Fig. 3.2.B.6. The twin peak again were observed 
indicating the recovery of the tetragonal structure. 
The sample was then undergone exactly the same experiment to 
see the effect of the thermal history on the sample. The 
relationship between the lattice constants and the temperature was 
plotted with the data in Fig. 3.2.B.7. Compared with Fig. 3.2.B.6, 
no significant change was observed. 
C. Sample 93022201 
The sample was cut from slab II with the poling direction 
perpendicular to the surface of the sample plate (i.e. parallel to 
the diffraction vector). The thermocouples were stuck to the 
sample surface by silver paste. 
The e-2e scan of the sample at room temperature with pressure 
1 X 10-5 Torr was obtained and plotted in Fig. 3.2.C. 1. The 
structure at room temperature was tetragonal. The relationship 
between the lattice constants and temperature was plotted in 
Fig. 3.2.C.2. The FWHM of the peaks were also plotted against 
temperature in Fig. 3.2.C.3 to determine the transition 
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temperature. The three curves showed almost the same behaviour. 
They again decreased initially and leveled off at about 250°C. 
After 250°C, cubic structure appeared instead of the tetragonal 
structure. 
After cooling to room temperature under the same pressure, 
the 9-28 scan (29 = 70°-20°) scan was again obtained and shown in 
Fig. 3.2.C.4. The twin peaks indicates the existence of tetragonal 
structure. 
E. Sample 93032201 
The sample was cut from slab III. The sample was mounted on 
the heating stage with the poling direction parallel to the 
surface of the sample plate. The thermocouples were stuck on the 
sample surface by silver paste. The three twin peaks at room 
temperature were shown Fig. 3.2.D.1. 
_5 
The experiment was done under a pressure of 1 X 10 Torr. 
The lattice constants obtained were plotted against temperature in 
Fig. 3.2.D.2. The relationship between FWHM and the temperature 
was plotted in Fig. 3.2.D.3. The point of leveling off was again 
250®C. 
, � 
After cooling to room temperature, the 6-29 scan with 29 from 
20® to 70° was obtained and plotted in Fig. 3.2.D.4. 
We summarized in Table 3.1 the results of our high 
• » 
temperature structure measurements of three PZT samples. The 
3-9 
thermal expansivity of PZT at temperature higher than 250°C is 
listed in Table 3.2. 
Table 3.1 
.,. Room Temperature 
Sample Cut From Transition ^ 
No. Temperature (。C) a (A) | c (A) 
92101101 slab I 250 4.0370 4.1190 
92110601 slab I 240 4.0376 4.1156 
93022201 slab II 250 4.057 4.1271 
93032201 slab III 250 4.0351 4.1224 
Table 3.2 
Sample No. Expansivity Poling Direction // or 丄 
after 250°C Diffraction Vector 
92101101 1.457x10-5 丄 
92110601 1.432x10-5 K"^ 丄 
93022201 0.790X10_5 K"^ // 
93032201 1.456x10"® K"^ // 
： J 
3 - 1 0 
Chapter 4 
The rmome chan i ca1 Analysis 
Section 4.1 
Experimental Details 
A thermomechanical analysis system (IMS) was used to 
investigate the thermal expansivity Al/1 of three slabs of PZT 
materials. Two samples were cut from slab I and slab II 
respectively. The expansion of each sample showed different 
behaviour before and after being annealed at high temperature for 
two hours in air. The annealing temperature was 500°C’ surely 
higher than the Curie temperature of each sample. 
The maximum operation temperature of the IMS was about 300°C. 
The samples were heated to 300°C at a rate of 10°C or 20°C per 
minute and then cooled to room temperature with the same rate. The 
Al/1 of some samples with A1 perpendicular and parallel to the 
poling direction were investigated before and after annealing. The 
data, including A1 and temperature, were simultaneously recorded 
by a plotter in the form of two different curves. They were then 
transformed to a data file for Lotus 123 for calculation as well 
as presentation. The Al/1 data will be compared with the X-ray 
data in Chapter 6. 
Aluminium cylinder (provided with the IMS) and MgO substrate 
were also investigated. The former was used to calibrate and check 
4-1 




4.2.1 Sample 92110201 
Sample 92110201 was cut from slab I. Its curves of Al/1 
against temperature was plotted in Fig. 4.2.1. The Al/1 with A1 
parallel to the poling direction was negative and had an order of 
magnitude of ICT*. The Al/1 with A1 perpendicular to the poling 
direction, however, showed positive slope. Both values of Al/1 for 
A1 parallel to the poling direction and A1 perpendicular to the 
poling direction had the same order of magnitude. Moreover, the 
absolute value of the Al/1 with A1 perpendicular to the poling 
direction had a smaller magnitude than the one with A1 parallel to 
the poling direction. 
The experiments were repeated after annealing and the results 
were also plotted in Fig. 4.2.1. The slope of both curves showed 
slightly negative slopes and were obviously very different from 
the curves before annealing. Three out of four curves obtained 
posed linear behaviour. The one which showed non-linear behaviour 
was the curve with A1 perpendicular to the poling after annealing. 
The curves obtained in cooling showed two kinds of different 
behaviour. They were all unable to return exactly to their 
3-2 
<:> I parallel to paling direction after annealing 
+ I perpendicular to paling direction 
a I perpendicular to paling direction after annealing 
Fig. 4.2.1 ~/I vs temperature ,for sample 92110201 
cut from PZT slab I. . 
original position. However, the two curves obtained before 
annealing, showed some tendency to return to their original 
position. On the other hand, after annealing, the curves obtained 
posed negative slope, although small, even in cooling to room 
temperature. 
4.2.2 Sample 930420 
The sample was cut from slab II. The change of Al/1 against 
temperature with A1 parallel and perpendicular to the poling 
direction were investigated. The curves obtained were plotted in 
Fig. 4.2.2. Then the sample was annealed at 500°C as described 
before. In this thermal treatment the sample was likely to be 
depoled. The curves of Al/1 against temperature were also plotted 
in Fig. 4.2.2. 
All curves of Al/1 against temperature showed linear 
behaviour. The curve with A1 perpendicular to the poling direction 
had a positive slope and the Al/1 in the temperature range of the 
experiment had an order of magnitude of lO"^. On the other hand, 
the curve with A1 parallel to the poling direction had a negative 
_4 
slope and the Al/1 also had an order magnitude of 10 • 
After annealing, the values of Al/1 were again obtained and 
plotted in the same figure. It had a slightly positive slope and 
differed very much from the previous curves. 
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1 
4.2.3 Standard Al Cylinder 
The curve of Al/1 against temperature was plotted in 
Fig. 4.2:3. The expansivity obtained from this nearly straight 
line was 24.6 X lO"^ K"^ and the published value was 
25 X 10-5 k-i[28] 
4.2.4 MgO Substrate 
The curve of Al/1 against temperature was plotted in 
Fig. 4.2.4. The expansivity obtained was 13.2 X lO"^ K'^ which is 
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Chapter 5 
Measurements of Curie Temperature using Ferroelectric Properties, 
Heat Capacity and Piezoelectirc Properties 
Section 5.1 
Investigation of the Ferroelectric Properties of 
PZT Bulk Material by Sawyer-Tower Bridge 
5.1.1 Introduction 
Two samples were cut from slab I and slab II respectively. 
They were investigated by , the classical Sawyer-Tower bridge. By 
the method described in Chapter 2, the net remnant polarization 
(P ) and the spontaneous polarization (P ) of each sample at 
R S 
different temperatures were obtained. 
Since the existence of ferroelectric properties of the sample 
was demonstrated by the hysteresis loop, the loss of ferroelectric 
properties of the samples could be observed by the change of the 
shape of the hysteresis loop. The temperature at which the 
ferroelectric properties disappear is the Curie temperature of the 
sample. A hysteresis loop is shown in Fig. 5.1. The definition of 
the two polarizations stated above was also shown in Fig. 5.1. 
5.1.2 Data Obtained 
A Sample cut from slab I 
The values of P and P were plotted against temperature in 
R S 
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Fig. 5.1 Hysteresis loop. 
> 
•• • 
about 345。C. Therefore, the Curie temperature obtained was about 
345®C. However, it should be noticed that at around 230®C, a 
moderately large drop in both P and P , compared with others, was 
R S 
observed. Other than this, the behaviour of curves was very 
similar to each other. 
B Sample cut from slab II 
The values of P and P were plotted against temperature in 
R S 
Fig. 5.1. B. P and P obtained dropped to zero at about 470°C. The 
R S 
temperature with largest drop was at 450°C which gave the Curie 
temperature. However, no large drop at around 240°C on each curve. 
Again, the behaviour of curves was very similar to each other. 
Section 5.2 
Investigation of the Heat Capacity of PZT Bulk Material 
by Differential Scanning Calorimeter (DSC) 
5.2.1 Introduction 
Again, two samples were used in the experiment. One was cut 
from slab I and the other was cut from slab II. By the method 
presented in Chapter 2, the heat capacities of the samples at 
different temperatures were found. Since the sudden change of heat 
capacity is a standard method to determine the point of phase 
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5.2.2 Results 
A. Sample cut from slab I 
The heat capacity (C^) was plotted against temperature in 
Fig. 5.2. A. Two peaks were observed with one at 270。C and the 
other at 350。C. The height of the first peak was higher than the 
second peak. 
B. Sample cut from slab II 
The heat capacity (C^) was plotted against temperature in 
Fig. 5. 2.B. 
Section 5.3 
Investigation of Piezoelectric Properties of 
PZT Bulk Material by Laser Method 
5. 3.1 Introduction 
By the method described in Chapter 2, the piezoelectric 
signals of the two different samples (one from slab I and the 
other from slab II) at different temperatures were obtained. 
5.3.2 Results 
A. Sample cut from slab I 
The piezoelectric signal was plotted against temperature in 
Fig. 5.3.A. Two peaks were obtained with one peak at 224°C and the 
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Fig. 5.2.B Heat capacity Cp vs temperature for sample 
cut from PZT slab II. 
I 
B. Sample cut from slab II 
The piezoelectric signal was plotted against temperature in 
Fig. 5.3.B. Only one peak was found at around 400°C. 
Section 5.4 
Discussion of Results 
The appearance of a second peak in Sawyer-Tower bridge, DSC 
experiment and laser experiment in the sample which cut from slab 
I was likely to be related to the poling temperature of the 
sample. Heating a sample above its poling temperature but lower 
than its Curie temperature could change the properties of a 
s a m p l e [ 3 G 】 after some slight reorientation of grains occur. 
Section 5.4 
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Fig. 5.3.B Piezoelectric signal vs temperature for sample 
cut from PZT slab II. 
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Data Summary 
Technique Sample from Sample from 
slab I slab II 
Sawyer- Temperature at which P^ 345®C 440°C 
Tower & P drop to zero 
Bridge 
DSC No. of peaks 2 0 
Temperature for the 252。C ********** 
first peak 
Temperature for the 337®C ********** 
second peak 
Laser No. of Peaks 2 1 
Experiment 
Temperature for the 224®C 来来来来*来来来来来 
first peak 





Data Analysis and Discussion 
Section 6.1 
Analysis of X-ray Data 
6.1.1 Comparison of Film and Bulk Material Data 
The lattice constants of sample 920520-1, sample 92101101 and 
sample 92110601 were plotted against temperature on the same graph 
in Fig. 6.1.1. We could see that the sample 92101101 and sample 
92110601 which were both cut from slab I agreed with each other 
fairly well. The lattice constant c of the thin film (sample 
920520-1) measured in both low pressure and in 1 atm air also 
agreed with each other. All curves were very similar to each other 
after 250®C and had their minima at around 250°C-300°C. This 
phenomenon might be accounted for by the similarity of the 
perovskite structure of film and bulk material at high 
temperatures. The Curie temperature obtained for this bulk 
material was 250°C. 
6.1.2 Comparison of Bulk Material Data 
The lattice constants, cell volumes and c/a from all samples 
were plotted against temperature in Fig. 6.1.2, Fig. 6.1.3, 
Fig. 6.1.4. and Fig. 6.1.5 respectively. All the cell volumes 
again showed a fairly small change at about 250°C which agreed 
with the lattice constants. The values obtained at room 
[31] 
temperature was comparable to the published value • Therefore, 
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Fig. 6.1.5 cIa vs temperature for various PZT bulk materials 
and Cook's result. 
the Curie temperature obtained by this method for all our PZT bulk 
materials was around 250®C. 
The cell volume of each curve was also very similar to each 
other except sample 93022201. On the other hand, the linear 
expansivity of each curve after 250®C stated in Chapter 3 was very 
5 1丨321 
close to the published value 1.21 X lO" K" Only sample 
93022201 had a larger deviation from this value. The c/a ratio 
obtained was plotted in Fig. 6.1.5. The result from Cook et 
al.[羽】was also plotted in Fig. 6.1.5. The c/a obtained from the 
samples cut from different slabs were close to each other. On the 
other hand, at room temperature the value of c/a from our samples 
was very close to the that of Cook. However, as the temperature 
increased, the difference between the c/a of our samples and 
Cook* s data increased. 
Section 6.2 
Analysis of TMS Data 
6.2.1 Comparison of TMS Data 
In both samples, the behaviour of Al/1 with temperature 
depended very much on whether A1 was perpendicular or parallel to 
the poling direction. In the former case, the Al/1 increased 
linearly with temperature. 
5-2 
In principle, the curve for a depoled PZT can be calculated 
by taking the average of the curves obtained before 
1. [34] 
annealing ： 
(丛） = i f + (丛 ) " 
、1乂average 1 1 ^ 
The results were plotted in Fig. 6.2.1 and Fig. 6.2.2. We 
could see that the experimental data and the predicted curve 
agreed very well for sample 930420 but only fairly well for sample 
92110201. The deviation of the depoled curves, although small, 
might be accounted for by the impurities in the sample 92110201. 
After annealing at 500°C in air for two hours, the difference 
in the two curves for sample 92101201 decreased greatly. They both 
became curves with very small slopes and the two curves were very 
close to each other. In sample 930420, the curves after annealing 
also had similar behaviour. These were expected since the long 
annealing at high temperature (much higher than Curie temperature) 
destroyed the original special orientation of the domains due to 
poling. 
One might notice that no special behaviour indicated any 
phase transition at any temperature in this range of measurements. 
On the other hand, the expansivity of the depoled sample 930420, 
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I 
• I 
6.2.2 Comparison of the TMS Data and X-ray Data 
The AV/V against temperature obtained by the X-ray Data was 
also plotted in the Fig. 6.2.1 and Fig. 6.2.2. 
AV 1 2Aa ^ Ac — = 一 + — 
V 3 ^ a c 
Because of the large fluctuation these curves did not agree 
with the experimental curves for a depoled sample. Moreover, the 
error of AV/V introduced by the error bar from the lattice 
constants a and c was with an order of 10 . In a completely 
random structure, the volume expansion of the single crystal would 
be reflected completely by the volume expansion of the whole bulk 
material if no defects were assumed. However, the error found was 
too large to obtain any reliable results in this range. 
Section 6.3 
Discussion 
6.3.1 Mismatch of the Curie Temperatures obtained by X-ray 
Method and Other Methods 
The Curie temperatures of PZT slab I and II obtained by the 
X-ray method were 250°C. However, the Curie temperatures obtained 
in other experiments, such as Tower-Sawyer bridge, laser 
experiment and DCS experiment, were consistently equal to about 
360®C for slab I and 400®C for slab II. The published values (for 
X 0.5) stated in the Chapter 1 were ranging from 350°C to 400®C. 
• 
5-4 
The Curie temperature obtained by the classical methods 
agreed with the published value but was 100°C larger than the 
value found by X-ray method. Moreover, the IMS result showed no 
special change at 250°C for both samples. The sudden bending of 
Al/1 against temperature curve in TMS could be used to indicate 
[37] 
the point of phase transition . 
The possible explanation of this difference was the low 
resolution of the X-ray method. Actually, when the temperature was 
lower than but close to 250°C, the twin peaks could be regarded as 
one single peak. The positions of those peaks were found by the 
computer fitting. Obviously, there had to be a point that the 
peaks were too close that the fitting procedure broke down. 
The low resolution of the X-ray method was due to a fact 
that the incident X-ray beam was diffracted by the samples without 
any collimation because the vacuum chamber mounted could not 
accommodate any collimator. 
The other possible explanation of the lowering of the Curie 
temperature was the presence of some impurities, like La+ and Sr+. 
The presence of only six percentage of such impurities could lower 
the Curie temperature by 50。C to IOQOC[羽】in the PZT. Actually, 
about 3% of Fe and Ni together was found in both slab I and slab 
II. However, this cannot explain the discrepancy. 
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6.3.2 Accuracy of the Temperature Measurement 
A. Introduction 
There exists a mismatch between the Curie temperatures found 
in the X-ray experiments and in other experiments. Experiments 
were then done to find out the accuracy of the temperature 
measurements in the high temperature X-ray diffraction setup. 
B. Experimental Details 
(a) Effect of Silver Paste on the Temperature Measurements 
A thermocouple was mounted on the sample by mechanical means. 
Another thermocouple was mounted by silver paste. The 
thermocouples were connected through the feedthrough of the 
chamber. The thermocouples were placed side by side to reduce the 
effect of inhomogeneity of the temperature of the sample surface, 
if any. The experiment was done under a pressure of 0.5 Torr. The 
temperature deviation at room temperature was about 7°C. 
The temperature of the sample was then raised to 400°C 
(monitored by the thermocouple stuck to the sample with silver 
paste). The discrepancy of the readings from the two 
thermocouples, after room temperature deviation was corrected 
reached 30®C with the thermocouple with silver paste at higher 
temperature. This is expected because silver paste should improve 
the thermal contact. 
The same experiment was also done in atmosphere. The 
# 
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temperature discrepancy was about 15® - 20®C at 350®C. Again, the 
reading from the thermocouple with silver paste had a larger 
reading. 
(b) Test of the Temperature Homogeneity of the Sample 
Two thermocouples were mounted on the sample with silver 
paste. They were connected via the feed through of the chamber to 
the temperature controllers. The distance between the two 
thermocouples was about 4mm ( the length of a typical sample used 
in X-ray experiments). The experiment was done under a pressure of 
about 0.5 - 1 Torr. The sample was then heated to the 400®C. The 
discrepancy of the thermocouples was about 20°C. The time required 
for the two thermocouples to attain an equilibrium was about 10 to 
15 minutes. 
The thermocouples were then connected to each other by 
silver paste and the temperature discrepancy was found to be 
smaller than 5°C at 400。C. Only 5 minutes was needed for both 
thermocouples to attain a thermal equilibrium. 
(c) Effect of the Junction of the Thermocouples on the Feed-
through 
Three thermocouples were mounted on the sample with silver 
paste. They were all mounted side by side. Two were connected via 
the feed through and the other was connected directly to the 
temperature controller. The experiment was done in atmosphere. The 
temperature discrepancy between the two thermocouples which 
5-7 
connected via the feed through was again only 5-10®C at 400®C. The 
discrepancy between the directly connected thermocouple and other 
thermocouples was about 15®C at 400®C. The time needed for all of 
them to reach temperature equilibrium was again about 15 minutes. 
C. Discussion of the Results 
From the experiments to investigate the accuracy of the 
temperature measurements, we saw that the different arrangement of 
the thermocouples could only introduce 20°-30°C error to the 
temperature readings. This could not explain the large mismatch of 
the Curie temperatures obtained by different techniques. Moreover, 
the time for the whole sample to attain temperature equilibrium 
was 10-15 minutes. Compared with the long period (one and a half 
hour) for data acquisition at each temperature, thermal 
equilibrium was surely attained during the measurement. 
Moreover, the expansivity obtained by the standard A1 
[32] 
cylinder deviated from the published value by only 2%. The 
[33] 
expansivity of MgO obtained in TMS deviated from the published 
value by only 8%. These confirmed the accuracy of the TMS. 
However, the expansivity of MgO obtained by the X-ray method 
deviated slightly large from the published value. The data 
obtained and the curve from the published value were plotted 
Fig. 6.3.2， The temperature measurement deviation calculated from 
Fig. 6.3.2 was 35°C at 250°C. This deviation was not large enough 
to explain the large mismatch of the Curie temperature. 
* 
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The temperature dependence of the structure of PZT bulk 
material (x=0.5) was investigated. Except with a shifted Curie 
temperature, the existence of the ferroelectric tetragonal 
structure and the paraelectric cubic structure were confirmed. The 
thermal expansion of the PZT bulk material (x = 0.5) was also 
investigated. The agreement of the lattice constants and the 
thermal expansion of the depoled samples were established. 
Moreover, the lattice constants of the bulk material at high 
temperature was found to closely match that of an epitaxial film 
and the data obtained were comparable to the published values. 
Therefore, it revealed the possibility to use the data in 
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